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• Silverio Perrotta and Fulvio della Ragione designed all the phases of the research, analyzed the data and wrote the manuscript Biochemical characterization of the mutant protein showed that it lacked the first 11 N-terminal amino acids (Band 3 "Neapolis"). The expression of the mutant protein resulted in the complete absence of membrane bound aldolase and the mutant band 3
could not be tyrosine phosphorylated. The ability of the malarial parasite, P.
falciparum, to invade these red cells was significantly decreased. The identification of a novel band 3 mutant and its structural and functional characterization enabled us to identify pivotal roles for the 11 N-terminal amino acids in several protein functions and, in turn, in red cell physiology.
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INTRODUCTION
The 911 amino acid human erythroid AE1 (eAE1) Cl -/HCO 3 -exchanger SLC4A1 (commonly referred to as band 3) is the major integral membrane protein of the red cells and serves to increase the total CO 2 carrying capacity of the blood.
1, 2
SLC4A1 gene is transcribed in red cell precursors under the control of an erythroidspecific promoter upstream of exon 1. 3 AE1 is also expressed at high levels in type A intercalated cells of the collecting duct (kAE1). The renal transcripts arise from a distinct promoter located within intron 3 of SLC4A1 3, 4 and the resultant kAE1
transcript encodes a protein that lacks the N-terminal 65 amino acids present in the protein expressed in erythroid cells. cases of HS mutant polypeptide is not assembled into the membrane. 2, 7 As such, the consequence of the assembly of mutant band 3 into the membrane on its function in red cells has not been defined.
The availability of knock-out animal models enabled the identification of the effect of complete deficiency of eAE1 on red cell physiology. Band 3 null red cells have been described in a natural strain of cattle and in two strains of knock-out mice. [15] [16] [17] Marked membrane loss leading to spherocytic morphology is a feature of red cells in these animals. In addition to the absence of band 3, the mouse red cells also exhibit complete deficiency of glycophorin A. 15, 18, 19 In mice, the absence of band 3 leads to a severe life threatening hemolytic anemia. So far, only one case of complete deficiency of band 3 in humans has been described. In this case, both the erythrocytic and kidney band 3 were absent resulting in life-threatening neonatal anemia and distal renal tubular acidosis. 20 Here, we report a novel variant of eAE1, called "band 3 Neapolis", in which N-terminal 11 amino acids are truncated. In the homozygous state, red cell membranes contain only the mutant protein albeit at a much lower level. Detailed biochemical and functional characterization of these red cells has enabled us to obtain novel insights into the function of the N-terminal domain of band 3.
MATERIALS AND METHODS

Studies on SLCA1 gene and band 3 cDNA
Blood samples were drawn from normal volunteers, the proband and his parents after obtaining informed consent in accordance with the Declaration of Helsinki. DNA and total reticulocyte RNA were isolated as previously described. 21 Sequencing of band 3 genomic DNA and cDNA was performed as previously reported.
21,22
Antibodies and immunoblotting
Monoclonal antibodies to band 3, alpha and beta spectrin, GPA and GPC were obtained from Sigma (Sigma Chemical Company, St. Louis, USA). Polyclonal antibodies to aldolase, GAPDH and CD47 were provided by Santa Cruz Biotechnologies (Santa Cruz, CA, USA). A monoclonal antibody (CDB3) directed against the N-terminus of band 3 waspreviously described. 23 Immunoblotting was performed according to the protocols reported previously.
24,25
PCR analysis
Reticulocytes RNA was reverse transcribed to obtain random-primed cDNA using MMLV-RT (Gibco-Invitrogen). The PCR conditions and the primers employed for amplification of cDNA were as follows: 5'-aacgagtgggaacgtagctg-3' (forward);
5'-cttcatattcctcctgctccag-3' (reverse); 18-30 cycles with each cycle consisting of 95°C
For personal use only. on October 23, 2017 . by guest www.bloodjournal.org From for 30 sec, 55°C for 1 min, 68°C for 3 min. In order to use the same amount of cDNA in each reaction, GAPDH amplification was performed first for normalization purposes as previously reported. 26 All reaction products were run on 2% TBE-agarose gel stained with ethidium bromide. Normally spliced band 3 PCR product (exon1-exon2-exon3) was 216 bp-long, while mutant band 3 products were 132bps (exon1-exon3) and 341 bps (exon1-exon2-intron2-exon3).
To perform real-time RT-PCR on reticulocyte cDNA, we synthesized the following primers:
Combinations of these primers were used to set up five different reaction mixtures: i) SLC4A1/e1AF and SLC4A1/e2-3R that will generate a product of 113 bps derived by the correct joining of exons 1-2-3, since the reverse primer can only anneal to the junction 2-3; ii) SLC4A1/e1BF and SLC4A1/e2-3R that will generate a product of 120 bps with a different forward primer but correct joining of exons 1-2-3; iii) SLC4A1/e1-3F and SLC4A1/e4R that will generate a product of 132 bps derived by the skipping of exon 2 and the aberrant joining of exons 1-3-4, since the forward primer can only anneal to the junction 1-3 and the reverse primer is located in exon 4; iv) SLC4A1/i2F and SLC4A1/e4R that will generate a product of 147 bps derived by the retention of intron 2 and the aberrant joining of exon2-intron2-exon3-exon4,
For personal use only. on October 23, 2017 . by guest www.bloodjournal.org From since the forward primer can only anneal to intron 2 and the reverse primer is located in exon 4; v) SLC4A1/e1BF and SLC4A1/i2R that will generate a product of 129 bps derived by the retention of intron 2 and the aberrant joining of exon1-exon2-intron2, since the forward primer is placed on exon 1 and the reverse primer will anneal to intron 2. The use of these five sets (i to v) enabled us to identify the normal allele (i and ii), and the mutant alleles, skipping of exon 2 (iii) and the retention of intron 2 (iv and v). All PCR reactions were carried out using a BioRad i Cycler with the following program: 95°C 30 sec, 63°C 2min, 72°C 1min. SYBR green was used to monitor DNA synthesis. We assayed control cDNA as well as cDNA from the parents and the proband and normalized all values assuming the wild-type allele in control as 100%.
Red cell membrane protein analysis
Red cells ghosts were prepared according to the procedure of Dodge et al., 27 except that 5 mM phenylmethylsulfonyl fluoride was added during the lysis step.
Protein concentrations were determined by the procedure of Lowry et al., 28 using a sodium carbonate solution containing 3% SDS and bovine serum albumin as a standard. Membrane proteins were analysed by SDS-PAGE. 29, 30 The gels were stained with Coomassie blue G. Erythrocyte membrane proteins were quantified by scanning of SDS-PAGE gels and through analysis of immunoblots as previously described. 31, 32 Band 3 was also quantified by labelling membranes with eosine 
Band 3 purification
Band 3 monoclonal antibody (Sigma) directed against the 300 N-terminal amino acids was cross-linked to protein A-agarose essentially as described. 34 Band 3
was solubilized by suspending the membranes in 1% (w/v) Triton X-100, 5 mM phosphate, pH 8, for 1h. After centrifugation at 30000 x g for 30 min, the supernatant was diluted 10-fold and applied directly to the immunoaffinity column, previously equilibrated with 0.1% Triton X-100, 5 mM phosphate. The column was washed with 10 column volumes of 0.1% Triton X-100, 5 mM phosphate and band 3 was eluted with 0.1 M glycine-HCl. 300 µl fractions were collected and the proteins composition of each of the collected fractions was analysed by SDS-PAGE and Western blotting as previously reported. 25 Fractions containing the pure band 3 protein were pooled and used for mass spectrometry analysis.
The N-terminal band 3 peptide of the control, heterozygous parents and homozygous proband was prepared by digesting the membranes with trypsin (15 µg/ml) in 5 mM phosphate pH 8, 0.14 M NaCl for 2 hours at 4 °C; the reaction was stopped by the addition of trypsin inhibitor. Digests were then centrifuged at 30000 x g for 30 min and the supernatant containing the N-terminal peptide was purified by affinity chromatography. Fractions containing the highest concentration of the 
MALDI-TOF Mass SpectrometryAanalysis
Bands from SDS-PAGE were excised from the gel, triturated and washed with water. Proteins in situ in the gel were reduced, S-alkylated with iodoacetamide and digested with endoprotease AspN, as previously reported. 35 On the basis of the primary structure of the protein, this protease was selected to be optimal for obtaining N-terminal sequence information on band 3. Digested aliquots were subjected to a desalting/concentration step using µZipTipC18 (Millipore Corp., Bedford MA, USA)
before MALDI-TOF mass spectrometry analysis. Peptide mixtures were loaded on the instrument target, using the dried droplet technique and α-cyano-4-hydroxycinnamic as matrix, and analysed by using a Voyager-DE PRO mass spectrometer (Applied Biosystems, Framingham MA, USA). Spectra were acquired in the reflectron mode. Assignment of the recorded mass values to individual peptides was performed on the basis of their molecular mass and protease specificity.
Quantitation of anion transport
Washed erythrocytes were subjected to assays of unidirectional disodium [ values. The within and in between-run CVs for these measurements were <5%.
Phosphorylation of band 3
[γ 32 P]ATP was purchased from Amersham. Anti-P-Tyr antibody was purchased from ICN Biotechnology (Irvine, CA). Syk and Lyn were isolated from human red cells as previously described. 11 Erythrocyte stimulation by diamide, cell membranes preparation and the sequential phosphorylation of band 3 catalyzed in vitro by Syk and Lyn tyrosine kinases were performed as previously described.
11, 37
Plasmodium falciparum invasion of red cells
Plasmodium falciparum invasion of red cells was measured in the first and second cycle of parasite growth essentially as reported in. Fig. 1A) . The observed mutation abolishes a BspMI restriction site. The novel variant is designated as "Band 3 Neapolis".
RT-PCR analysis of reticulocyte mRNA was performed using primers located in SLC4A1 exons 1 and 3. A 215 bps product was obtained in the control while two amplified fragments of 340 bps and 132 bps were noted in the patient (Fig. 1B) .
Sequencing analysis revealed that the 340 bps resulted from the retention of intron 2, while the 132 bps fragment is the result of skipping of exon 2 (Fig. 1C) . All three amplified fragments (340, 215 and 132 bps) were noted in the parents (Fig. 1B) .
Quantitative evaluation of the various transcripts using real time PCR of reticulocyte RNA showed that in the proband, as expected, no normal mRNA was present and each of the two mutant mRNAs was present at 11-13% of normal levels. In the heterozygous parents 52% of the message was of wild type with 6% each of the two mutant transcripts. The retention of intron 2 leads to a premature termination of translation after the 19 th triplet, while skipping of exon 2 results in the loss of the normal translation start site for erythroid band 3 (Fig. 1D) . Thus, the first alternative splicing event can only generate a very truncated form of altered erythroid band 3, while the second splicing event will generate a mutant form of band 3 with an altered N-terminus. Due to the location of the mutation, kidney band 3 expression will be unaffected and, consistent with this expectation, no defect in the distal urinary acidification in the homozygous child was noted (data not shown).
Band 3 Neapolis gene encodes a protein lacking the 11 N-terminal amino acids
As the aberant splicing pattern of mutant gene suggested the generation of an altered protein in the red cells of the proband, we biochemically characterized band 3 from the proband's red cells.
Sodium-dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE)/immunoblotting experiments showed that the mutant band 3 migrated slightly faster than the normal protein suggesting a decreased molecular weight and that the band 3 content of the membrane was significantly reduced (data not shown). In order to substantiate the alteredmobility of the mutant band 3, isolated red cell membranes were digested with trypsin for 2 hours and the
of the digests was passed over a column of protein A Sepharose crosslinked to a monoclonal antibody raised against the first 300 amino acids of band 3 to obtain purified N-terminal fragments. Western blot analysis of the various purified fragments clearly showed that the apparent molecular weight of the N-terminus of mutant band 3 was smaller than that of the normal (Fig. 2A) . Interestingly, the red cell membranes from the heterozygous parents showed only the normal N-terminal fragment of the protein, implying an apparent lack of assembly of the mutant band 3 in these membranes ( Fig. 2A) .
Although the DNA analysis precisely identified the mutation in the band 3
Neapolis gene, it did not provide definitive information on the nature of the truncated protein product. While the normal translation initiation ATG is deleted due to skipping of exon 2, there are at least three different ATG triplets in exon 3, which could function as the starting codon for the synthesis of mutant band 3 (Fig. 2B) . The first two ATGs are located at codons 11 and 12 and their use should result in the lack of either 10 or 11 amino acids at the N-terminus, respectively, while the use of the third ATG located at codon 31 would result in the loss of 30 amino acids at the Nterminus (Fig. 2B) .
To characterize the N-terminus of the mutant protein, normal and mutant band 3 were purified to homogeneity by immunoaffinity techniques, reduced, alkylated and digested with endoprotease AspN. The resulting digests were subjected to peptide mapping analysis by MALDI-TOF mass spectrometry. As shown in Fig. 2C , the spectra obtained from normal band 3 showed distinct peaks at m/z 3335.3031, Eosine maleimide labeling showed that the band 3 content of proband red cells was 13±3% of normal. Glycophorin A and CD47 content of the membrane were also markedly reduced to 11±5% and 42±10% of normal, respectively (Fig. 3C) . The membrane content of α-spectrin, β-spectrin and ankyrin was also reduced but to a much lesser extent, 79±3%, 81±4.% and 75±6.% of normal, respectively (Fig. 3A) . A marked reduction in the membrane content of GAPDH (corresponding to band 6) was also noted (Fig. 3A) .
The consequences of the marked deficiency of band 3 on red cell morphology were significant. Stomatocytes and spherocytes were the dominant morphological feature revealed by scanning electron microscopy of mutant red cells (Fig. 3D) . In addition there were also a number of microspherocytes and membrane protrusions similar to those reported in band 3 null mouse red cells. 15, 16, 39 Osmotic gradient ektacytometry 40 confirmed a marked increase in osmotic fragility of the red cells as a conseqeunce of a significant reduction in membrane surface area of mutant red cells (data not shown).
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From Using 4,4'-di-isothiocyano-dihydrostilbene-2,2-disulphonate (DIDS), a specific inhibitor of the anion transporter, we evaluated the anion transport activity of red cells with mutant band 3. The DIDS sensitive sulfate influx was reduced to 10% of normal in red cells from the proband and to 78 % of normal in the heterozygous parents ( Fig. 3E and data not shown) . As the extent of reduction in anion transport activity was proportional to the extent of decrease in membrane content of band 3, this finding implies that the mutant band 3 retained its ability to transport anions.
The 11 N-terminal amino acids of band 3 are critical for the binding of glycolytic enzymes and for the in vivo protein phosphorylation
The cytoplasmic domain of band 3 is the anchoring site for several red cell glycolytic enzymes such as aldolase, GAPDH and phosphofructokinase and is also a substrate for the protein tyrosine kinase, Syk. 11, 37 Several NMR studies provided important insights into the structure and function of the 11 N-amino terminal amino acids in solution. The structure of this region is inferred to form a loop consisting of residues 4 through 9 in which the phenolic ring of Y8 is sandwiched between the methyl groups of L4 and M12. 41, 42 Phosphorylation of tyrosine 8 destabilizes the intermolecular protein-protein association, particularly between band 3 and glycolytic enzymes. 43 Since the naturally occurring band 3 Neapolis assembled on to the red cell membrane lacks these N-terminal 11 amino acids, we explored the altered function of this domain in the context of intact red cell membrane. The association of aldolase
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From with band 3 in the membranes of red cells from the proband and from normals was assessed. In contrast to the strong association of aldolase with intact normal membranes, no aldolase could be detected in association with membranes of red cells from the proband (Fig. 4A) . This lack of association was not due to absence of aldolase in red cells, since the total aldolase content of cells was similar in red cells from normals and from proband (data not shown). This finding implies that Nterminal 11 amino acids are critical for association of aldolase with band 3 in intact red cell membranes.
We next explored whether Syk tyrosine kinase could recognize the truncated band 3 as a substrate in vitro by assessing the ability of Syk purified from normal erythrocytes to phosphorylate band 3. As shown in Fig. 4B , in spite of the absence of one of two phosphorylation sites (Tyr8), the mutant protein was phosphorylated in vitro by the exogenously added purified enzyme (lane 2). The extent of Sykphosphorylation, determined using equivalent amounts of normal and mutant band 3, showed that the phosphorylation of the mutant protein was approximately 50% of normal (data not shown), consistent with the presence of a single phosphorylation site in the mutant protein at Tyr21. Furthermore, we were able to document that the presence of the single phosphotyrosine docking site at Tyr 21 is sufficient for the interaction of band 3 with the SH2 domain of Lyn and subsequent phosphorylation of the truncated band 3 (Fig. 4B, lanes 3,6) . In order to establish whether these in vitro phosphorylation events can be recapitulated in intact cells, we stimulated red cells from proband and normals with diamide to induce tyrosine phosphorylation of band 3. 37 As shown in Fig. 4C , while band 3 was tyrosine phosphorylated in normal red cells, no phosphorylation could be detected in proband's red cells. These findings imply an absolute requirement for Tyr8 for band 3 phosphorylation in vivo in intact membranes.
Malaria parasite life cycle is altered in band 3 Neapolis erythrocytes
Previous studies using various peptides corresponding to the extra-cellular loops of band 3 have suggested an important role for this surface protein in red cell invasion by Plasmodium falciparum. 44 In order to further substantiate a requirement for band 3 in parasite invasion, we assayed the ability of two different strains of Plasmodium falciparum to invade red cells of the proband with markedly reduced membrane content of band 3. As shown in Table I (approximately 1%) use the GC donor splice site instead of the canonical GU donor splice site. 45 Only the shorter mRNA that skips exon 2 is translated into a protein that is assembled into the red cell membrane. Mass spectrometric analysis showed that the membrane assembled mutant band 3 lacked the first 11 N-terminal amino acids due to elimination of the normal start site in exon 2 and the use of an alternate start site in exon 3. Importantly, the red cell membrane content of the mutant band 3 is dramatically decreased to the 12% of normal. As such, the red cells of the proband 
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aldolase to the red cell membrane. These findings lend strong support to studies using normal red cells. 48 A second significant finding is the validation of a critical role for the 11 Nterminal amino acids in the sequential Tyr-phosphorylation of band 3 triggered by diamide stimulation. 11, 37 The observation that the truncated band 3 can be phosphorylated by Syk and thereby promote the recruitment of Lyn tyrosine kinase in vitro but not in vivo has major structural and functional implications. Despite the marked deficiency of band 3, spectrin, ankyrin and protein 4.1, the content of red cells from proband is very similar to normal and the membrane skeletal architecture also appears to be normal. These findings further support the notion that band 3 is not essential for the stable biogenesis of membrane skeleton. [15] [16] [17] In summary, we identified a novel mutant band 3 (band 3 Neapolis) that lacks the first 11 N-terminal amino acids in association with hereditary spherocytosis.
Detailed studies have enabled us to show that the mutant band 3 fails to bind aldolase but does bind other glycolitic enzymes and that the 11 N-terminal amino acids are critical for tyrosine phosphorylation of membrane associated band 3. Furthermore, we established a key role for band 3 in malarial parasite invasion of human red cells. Reticulocytes cDNAs were PCR amplified using primers localized in exons 1 and 3.
cDNA of a normal subject generated a 215-bps band. Two bands of 340-bps and 132-bps were noted in the cDNA of the proband. In the heterozygous parent (the mother) all three amplified products were seen. A similar pattern was also seen using cDNA from the father (data not shown). For personal use only. on October 23, 2017 . by guest www.bloodjournal.org From
Figure 1
For personal use only. on October 23, 2017. by guest www.bloodjournal.org From Figure 2 For personal use only. on October 23, 2017. by guest www.bloodjournal.org From Figure 3 For personal use only. on October 23, 2017. by guest www.bloodjournal.org From Figure 4 For personal use only. on October 23, 2017. by guest www.bloodjournal.org From
